Crop production surveys, which integrate the collection of data on both agronomic and economic variables, are increasingly common in on-farm research. A conceptual framework for designing and analysing such surveys is provided. Methodological issues in conducting crop production surveys are reviewed with respect to type of information collected, level of field observation, degree of quantification, frequency of observation, sampling, measurement of yields and yield components, and analysis of yield limiting factors. It is concluded that, while better integration of agronomic and economic perspectives in diagnosis may increase costs, the information and analysis obtained have considerable potential to improve the efficiency of experimentation.
INTRODUCTION
On-farm research (OFR)-or farming systems research (FSR) -has two major stages. The purpose of the diagnostic stage is to describe and understand the farming system and identify production constraints. Promising technological solutions to these constraints are tested under farmers' conditions during the experimentation stage. Experimentation can also be used for diagnosis. However, surveys are normally the major tool for conducting diagnostic activities, whereas experiments are the major tool for testing solutions. Although OFR is multidisciplinary by nature, social scientists often take the lead in diagnosis whereas agronomists assume responsibility for experimentation. This division of labour has given diagnostic surveys a strong socioeconomic orientation, emphasizing the description of the farming system and crop management practices (Byerlee et al., 1980) . Understanding and quantifying agronomic variables that influence crop growth and yields have received little attention in the diagnostic stage until recently.
Agronomic variables have been incorporated in a number of ways in formal surveys in the diagnostic stage of OFR. First, in some OFR studies, researchers have focused diagnosis on specific agronomic problems or constraints. Examples include management of the potato tuber moth in Tunisia (Von Arx et al., 1988) and management of plant density for grain and fodder production in maize (Byerlee et al., 1989b) . These studies in some ways resemble crop loss studies (e.g. James and Teng, 1979) . However, crop loss studies usually focus narrowly on the estimation of yield losses to specific pests rather than on how management and other socioeconomic factors influence those losses. Also, crop loss studies are generally oriented to setting priorities for applied research programmes, such as breeding for pest resistance (VViese, 1982) . Second, recent diagnostic surveys tend to include agronomic-type variables such as timing of crop operations, crop rotation, pest incidence, and plant density (for example Garcia et al., 1986; Byerlee et al., 1989b) . These more comprehensive surveys generally aim to exploit variability in management and yields in farmers' fields in order to establish hypotheses on yield-limiting factors as a basis for designing experiments (Edwards, 1987) . Finally, French agronomists have a relatively long tradition of agronomic monitoring in OFR, both in France and in French-supported projects in developing countries (Manichon and Sebillotte, 1973; Filloneau, 1981; Triomphe, 1986) . We refer to these agronomists as the 'French School', although they represent only a small number of researchers, strongly influenced by ideas developed by the Agronomy Department at the Institut National Agronomique, Paris-Grignon. Little of this literature was available in English until recently, and hence the methods are not widely known outside the Francophone world.
The increasing interest in agronomic diagnosis in OFR reflects the need to improve the definition and understanding of problems from a technical or agronomic viewpoint. Earlier diagnostic studies often emphasized problems, such as a labour constraint at weeding time or a cash constraint to the purchase of inputs, that reflected the socioeconomic orientation of the researchers. In some cases, widespread and obvious agronomic constraints, such as a serious nitrogen deficiency, were also noted, but insufficient attention was often given to understanding how the environment (defined in a broad sense to include fertility, pest problems, etc.) influences crop growth and performance, leading to incomplete identification of problems and inefficiences in designing subsequent experiments. Inadequate diagnosis is undoubtedly one reason for the limited success of OFR in the past decade as measured by the adoption of technology developed in OFR programmes (Trippe/a/., 1990; Sebillotte, 1987) .
These developments in the diagnostic stage of OFR are the background for this paper, which concerns the use of integrated agronomic-economic surveys in diagnosis. The paper is developed in two major parts. First, we discuss the main concepts, objectives, and potential approaches to integrated surveys that combine both agronomic and socioeconomic perspectives. Second, we discuss a range of methodological issues that impinge on the design of these surveys and provide guidelines for choosing survey techniques based on cost-effectiveness. Our conviction is that the better integration of agronomic and socioeconomic perspectives into diagnosis, together with an analysis of the existing variability in management practices and yields in farmers' fields, has the potential to improve the efficiency of OFR and, at times, substitute partially for costly experimentation.
CONCEPTUAL FRAMEWORK FOR INTEGRATED CROP PRODUCTION

SURVEYS
Multidisciplinary crop production surveys that integrate agronomic and socioeconomic perspectives (hereafter called 'integrated crop production surveys' or 'integrated surveys') are undertaken with three immediate objectives, all of which may contribute to more efficient experimentation: to stratify farmers or fields into more homogeneous groups, usually called research or recommendation domains; to describe and understand farmers' management practices for one or several crops in a system; and to analyse factors causing yield losses and variation in yields from field to field.
To meet these objectives, variables collected during an integrated crop production survey can be categorized into: field characteristics (soil properties, topography, and location); field management practices for the current crop; crop rotation and management practices for previous crops in the field; agronomic observations on crop growth, plant deficiency symptoms, and pest infestations; and system-wide variables such as equipment and land tenure (see Fig. 1 ). This paper makes no attempt to discuss methods for collecting information on the last class of variable, although they are central to the stratifications of farmers (see Harrington and Tripp, 1984; Sebillotte, 1979) . Except for the last category, all variables are field specific. Some categories, such as field characteristics and system variables, are exogenous (taken as given and outside the control of the farmer). These exogenous variables influence the variable sets that are endogenous to the system (cropping history, production practices, crop condition, and yield and its components).
Most integrated surveys emphasize the causes of yield variability between fields (the centre circle of Fig. 1 ) at the expense of analysing the variability in production practices between fields (the outer circles). However, variability in production practices merits careful analysis, since any sound judgment about the efficiency of a given practice or set of practices has to be formed both in terms of farmers' objectives (does the practice allow the farmer to reach the objective he/ she claims to pursue?) and in terms of the practice's technical rationality (can the practice be considered efficient according to agronomic and economic knowledge and experience?). Furthermore, production practices directly determine many agronomic variables, such as crop density and weed growth. Hence the analysis of production practices is particularly important in order to understand the causes of yield-limiting factors as a basis for screening solutions that will be acceptable to farmers (Tripp and Woolley, 1989) . A major objective for conducting integrated crop production surveys is to analyse factors influencing yield variability between fields in order to identify major yield-limiting factors. Various approaches have been developed to analyse this variability. The most common, especially favoured by economists, is a statistical approach in which a yield function is specified as:
where Y is yield, X; are management practices, Cj are variables describing the crop condition, and E k are environmental variables. The X ; variables are described in terms of levels of inputs, as well as the timing and method of their use. Ali and Byerlee, 1991 , for a review). The statistically derived yield function is also usually applied within a relatively homogeneous recommendation domain in order to increase the proportion of variability that can be explained by crop management factors as opposed to environmental factors. Some agronomists, especially the French School, have adopted a rather different 'process-oriented' approach in which methods of analysis are based more on an explicit model of the biological mechanisms governing crop growth in the field and less on a statistical analysis of relationships between variables. While Equation 1 and Fig. 1 envisage a direct relationship between the application of a specific management practice and yield, French agronomists prefer to see this relationship as an indirect one (Sebillotte, 1987) in which management practices transform or modify the physical environment for crop growth which, with climate, determines yields (Fig. 2) . In this approach, the farmer applies management practices from land preparation to harvest according to his or her general model for crop management and given his or her objectives and the environment (especially weather). The general model for crop management can therefore be defined as the set of practices that according to the farmer will maximize the likelihood of reaching his or her objectives of production, income, etc. (Cerf and Sebillotte, 1988) . This set of techniques is formally known as the technical itinerary (Sebillotte, 1978) . Yield is the final output of the yield elaboration process, which is determined by levels of successive yield components (for example in maize, the number of plants ha" 1 , ears plant" 1 , grains ear" 1 and kernel weight) (Fleury et al., 1982) . This makes it possible to analyse the potential influence of environmental factors on the successive yield components (see Masle, 1984 , for an example for wheat).
Whatever the approach used, a further complication is that crops are produced as part of a crop sequence or rotation. The cropping history of a specific field, including the management practices used in that field on previous crops, influences the management and site variables for the crop under study through carryover of crop residues, fertility, and pests from previous crops. In particular, site variables, such as soil physical and chemical properties, are often a function of crop rotation and management in the previous crop(s), which can be more formally expressed as:
where E k t are soil and site conditions in the current period, t, and Xj t _i, X; t _ 2 are management practices in previous cycles. Examples of such analyses can be found in Lagemann (1977) , who showed that soil fertility indicators in the current period were highly correlated with length of the preceding fallow in a bush-fallow system in Nigeria. This suggests that the integration of agronomic variables into the diagnostic stage will often require measurement of soil, climatic and pest variables as well as variables describing condition of the crop, such as plant stand. Comprehensive measurement of agronomic variables in farmers' fields is often costly, and researchers have to weigh the costs of more thorough diagnosis against the costs of running controlled experiments. The benefits of better diagnosis may depend on the system under study. Where no obvious limiting factors can be detected through simple informal or formal surveys, the benefits of more in-depth diagnosis are likely to be greatest (Crozat et al., 1986) . This situation can occur either because farmers have already adopted obvious technological improvements such as improved variety and fertilizer, and the opportunities for further improvement are no longer straightforward, or because environmental variability makes the cost of running controlled experiments for each microenvironment prohibitive. Finally, where on-farm diagnosis is undertaken to orient varietal development as well as adaptive on-farm experimentation, the benefits of more agronomic diagnosis, e.g. losses due to different diseases, are likely to be larger, since plant breeding programmes typically aim at a much larger 'research domain' (Wiese, 1982) .
METHODOLOGICAL ISSUES IN DATA COLLECTION AND ANALYSIS FOR INTEGRATED CROP PRODUCTION SURVEYS
There are a number of important methodological issues in collecting and analysing data in integrated crop production surveys. These issues are discussed here with reference to the different approaches that have been used. An effort is made to discuss these methods with regard to their cost-effectiveness in obtaining a sufficient understanding of the system for selecting promising technological interventions. However, it is acknowledged that the generation of new knowledge or information about a specific region or agronomic situation can sometimes justify the choice of more precise, and thus more costly, methods than are strictly necessary for identifying technological interventions.
Types of variables collected
Since both agronomic and socioeconomic perspectives are included in the diagnostic surveys, the number of potential variables is large. The major categories of variables follow the conceptual framework of Fig. 1 and the types of variables that can be collected under each category are described in Table 1 . Since the number of potential variables is quite large, key variables must be carefully selected through prior informal surveys.
Level of observation
Incorporating agronomic variables into diagnostic surveys has implications for the level of observation used for diagnosis. Agronomic variables have little meaning at the level of the farm or even of a crop enterprise, which is often the focus of diagnostic surveys. This is because farmers' management practices usually vary substantially from field to field within a farm, and often within a field, depending on labour constraints, location, land and soil type, and crop rotation. Agronomic variables describing soil type and other physical characteristics as well as crop growth and development are even more likely to vary between and within fields. Hence, successful integration of agronomic variables into diagnosis requires the collection of data specific to a field or even a sub-plot within a field. There are, however, situations, especially in rainfed and hand hoe agriculture, where within-field variability in soil characteristics, microtopography and crop management may be quite large, when data are best collected from one or more sub-plots within a field (Milleville, 1976; Edwards, 1987) . Usually sub-plots are identified and marked at the beginning of the crop season and all measurements are recorded for them. Although agronomic observations are somewhat easier to record for a sub-plot than for an entire field because fewer samples are required to represent a sub-plot, it is sometimes difficult to record exact management practices at the sub-plot level without intensive interaction with the farmer and even constant observation of his or her operations.
Degree of quantification of variables
Both agronomic and socioeconomic variables can be subject to various degrees of quantification, and this will have an important bearing on the cost of the Lagemann (1977) , for example, collected soil samples from 320 fields and analysed several soil test variables including organic matter, soil phosphate, and base saturation. However, besides the cost, difficulties associated with soil testing include the use of appropriate sampling techniques, the frequently poor reliability of data from soil laboratories in many countries, and the problem of relating soil test data to crop responses in specific cropping systems. Pest infestations can be recorded by subjective scoring or by objective counts. Subjective scoring of weed, insect, or disease incidence on a scale of 0 to n, where 0 represents no infestation and n is the highest level of infestation, can be done quite rapidly. Subjective scoring is best done by those with specialist knowledge of the particular type of pest although survey enumerators can sometimes be trained in subjective scoring methods with the help of visual aids. Even for experienced researchers, subjective scoring requires calibration across researchers (Kranz, 1987) , but computer software is now becoming available to help researchers calibrate disease infestations on a personal computer before and after actual field observation (e.g. Tomerlin and Howell, 1988) . Objective measures of pest populations require the number of insect or disease damaged plants in a given area to be counted, though for weeds dry matter may be a better measure than weed counts, and sometimes require an assessment of the degree of loss for each damaged plant. For example, Ruiz de Londofio et al. (1978) conducted detailed counts of the number of damaged plants for six diseases and insect species affecting bean yields. Although objective measurement eliminates biases possible in subjective methods, it is usually much more time consuming and also requires appropriate sampling methods. Inverse sampling methods have the potential to reduce the costs of obtaining a given amount of information on pest infestation (see Martin et al., 1988 , for the sampling of wild oat populations in wheat).
Recording management data may also involve choices about the degree of measurement or quantification. The method and timing of each operation and the quantity of purchased inputs applied can usually be reliably estimated in one or a few well-spaced visits during the crop season. In addition, it can be important to characterize conditions under which these operations are performed (for example, soil moisture for ploughing) since the condition may modify the effect of the practice. The recording of actual labour or machine hours employed is somewhat more difficult and is best done through multiple visits throughout the crop season. Although many studies invest considerable resources in obtaining accurate labour data, this information is secondary to information on the timing and method of specific practices and, in fact, is rarely useful in diagnosing research priorities. A possible exception is in land-extensive manual labour systems where productivity is best measured in returns per unit of labour input rather than in yield per unit area.
Finally, sufficient flexibility should be maintained during the diagnostic process to allow decisions to be taken on the degree of quantification according to the specific climatic circumstances of the crop cycle (Sebillotte, 1975) . If the season appears to allow the full expression of a factor (for example, weeds) that researchers wish to quantify, more precise quantification can be justified. In other seasons (for example, a dry season with little weed growth) more precise quantification may waste time and money.
Measurement of yield and yield components
The measurement of yield is usually a crucial variable in integrated surveys. This subject has been comprehensively reviewed by Poate (1988) and only some aspects are treated here.
First, field and sometimes sub-field estimates of yield are required. Cropcutting techniques are often used for this purpose although problems of adequately sampling within-field variability should be recognized (Poate, 1988) . Most studies indicate that crop cutting consistently overestimates yields (e.g., Verma et al., 1988) . However, since the objective of the diagnostic survey is to analyse relative yield variability rather than to estimate absolute yields for a region, this is not a major problem. If the crop production survey monitors specific subplots, within-field variability is less of a problem since the whole sub-plot can be harvested and related to management, soil and site variables in that sub-plot.
Despite the problems, crop cutting has advantages in integrated surveys. First, although farmer estimates of yield may be appropriate for yield estimates at the farm level (Poate, 1988) , farmers may have more difficulty estimating yields for specific fields. Second, crop-cutting enables not only the estimation of yield but also of yield components at harvest, which may be important in analysing yield constraints (Sebillotte, 1980) . Third, some agronomic observations are best taken at harvest, including the incidence of diseases that attack the grain or ear, incidence of some weeds (for example, grassy weeds in wheat) and crop lodging. Therefore when the objective is to provide a comprehensive analysis of crop production, crop cutting is usually preferable to other methods of estimating yields.
Frequency of observations and interviews
Probably the most important factor influencing survey costs (as well as the costs of on-farm experiments) is the number of visits made to take field observations and interview farmers. In practice the number of visits in diagnostic surveys has ranged from daily visits to a single visit during the growing season. Most surveys with an agronomic orientation have used some type of multiple visit method since assessments of soil moisture or pest incidence, for example, need to be made at different stages of the growth cycle. The number of visits depends on the particular problem under study, the resources available, and the cultural setting. The availability of hired enumerators posted to the sample villages reduces the cost of frequent visits. However, since many of the field observations require considerable technical skill and are best made by the researchers themselves, the most effective strategy is often for researchers to conduct the survey directly by making two to four well-timed visits over the growing season (for example, at post-emergence, flowering, grain-filling or harvest).
Sampling
Sampling methods for integrated crop production surveys need not differ from methods usually used in farm surveys (for example, see Casley and Lury, 1982 ). However, one major decision concerns whether to conduct an intensive survey of a small number of fields or a less intensive survey of a larger sample. Much depends on the objectives of the diagnosis. A small clustered sample enables more visits and more quantification of important agronomic variables and hence is best for understanding factors influencing crop growth and performance in a relatively small homogeneous area. A larger sample, on the other hand, may be needed to explore variability over a wider area. The French school has generally elected to use the first option -that is, intensive observation of a few fields (less than 50 and often as few as 20) in a small area (such as a single village). Most of their studies have, however, monitored several plots within a field. The basic idea is to generate qualitative models of crop response and not to produce statistical data. Most other studies reviewed in this paper have used a sample size of 50 fields or more, over a somewhat larger area. The best strategy may be to combine intensive monitoring of a small sample of fields to understand key agronomic relationships with a less intensive survey of a larger sample to verify these relationships over a wider area.
Since one objective of integrated crop production surveys is to sample variability between fields caused by environmental and management factors, sampling efficiency may be increased by stratifying the sample according to the major factors believed to cause the variability as identified through initial informal surveys or specific studies aimed at stratifying farmers. Sometimes discriminatory power may be increased by choosing extremes of the observed ranges (for example, early and late sowing) to analyse critical factors. This may even involve the selection of'good' and 'poor' fields to identify the major factors responsible for yield differences in a given area (Garcia et al., 1986) . However, when only extremes are selected for diagnosis, much care is needed in extrapolating to the wider population. Another approach is to use paired observations from the same field, ideally differing by only one factor which appears to be particularly important (for example, soil type or initial weed infestation) (Manichon and Sebillotte, 1973) .
Creating management variability
One way of reducing sample size is to create more variability in the sample by following, or by asking a farmer to follow, a particular practice or practices on part of his or her field (Gras, 1981) . This technique may be especially useful where the existing variability in farmers' management practices is insufficient to measure response to critical practices such as the use of a new input. In some cases it may also be useful to eliminate one input in order to estimate base levels (for example, a plot without nitrogen to measure the base fertility level). Clearly, in creating variability, the line between surveys and experiments is blurred in what is sometimes called a 'controlled survey' (HofFnar and Johnson, 1966) .
Examples of this approach are the use of four levels of practices by 25-30 farmers for maize production in Pakistan (Khan et al., 1986) and by a similar number of millet farmers in Niger (ICRISAT, 1982) . Farmers managed all the practices while researchers provided the new inputs to be tested (in both cases improved seed and fertilizer) and monitored the fields. Controlled surveys of this type generally provide more information than conventional surveys but are more expensive to administer. The close interaction with the farmer required by the 'controlled survey' will also limit the sample size.
Number of years of the survey
Most production surveys have been confined to a single cropping season. A few studies have run the surveys over several seasons (usually three) to explore the year-to-year variability (Boiffin^fl/., 1981 (Boiffin^fl/., , 1982 Hobbs^a/., 1989; Byerlee^a/., 1987; Crozat et al., 1986; Martin et al., 1988) . Preliminary data from Pakistan suggest that for irrigated areas year-to-year differences are not very important, but for rainfed areas a single year's data may be quite misleading because wide variation in the amount and timing of rainfall affects the production practices employed and crop responses. However, variation in production practices is likely to be less sensitive to seasonal conditions than yield response, so that surveys that primarily focus on describing and analysing production practices and their variability in terms of a general model of crop management can often give useful results in rain-fed areas even with one year's data.
Continuous surveys of fields over years may also be useful to monitor changes in farmers' management practices and in soil characteristics. Such surveys are likely to be particularly valuable in analysing the longer term trends in production practices and soil properties and in monitoring changes in productivity and sustainability of the cropping system. However, the high cost of these surveys makes it difficult for most institutions to conduct them on a large scale, so that they are usually confined to a few case studies whose results may not easily be extrapolated. Repeated surveys of the same fields at three-to five-year intervals may accomplish the same end as long as the location of fields and farmers is sufficiently documented to enable resurveys to be made by a different research team. With increasing emphasis on long term sustainability of production systems, methods for conducting field monitoring of key variables over years need to be developed.
Analysis of yields
A major objective of most integrated crop production surveys is to estimate a yield function to analyse yield variability observed in farmers' fields. Yield variability can be analysed by several methods. In the simplest case, fields are grouped to compare, say, the 25% lowest yielding with the 25% highest yielding fields, using Chi-squared or t-tests to compare observed differences. However, caution must be used in these simple comparisons because of high correlations between several of the explanatory variables (for example, between doses of nitrogenous and phosphatic fertilizers). For this reason, this method is mainly used for preliminary testing of hypotheses prior to a more exhaustive analysis.
Multivariate statistical techniques are increasingly used to analyse yield variability between fields. Since decisions about production practices may be taken interdependently (as described by the technical itinerary), and yields are determined by a complex interaction of management practices, soil and climatic variables, and field history, two or more linked equations may express the decision making situation better than single equations (see, for example, Equations 1 and 2).
A comparison of the results of several yield functions estimated by multiple regression analysis (Tables 2 and 3) shows that in most cases the independent variables emphasize management practices, but variables such as cropping history and agronomic measures are being increasingly included in these yield functions. Linear models are most commonly used since coefficients may be directly interpreted as the contribution to yield of a given factor. However, some caution is needed with such models, since some limiting factors may require a threshold level before any response is noted (Gras, 1981) . Linear specifications can easily be extended by the inclusion of interaction and quadratic terms (although at the expense of scarce degrees of freedom in the case of small samples).
A comparison across Tables 2 and 3 shows marked differences in the extent to which agronomic variables are emphasized in the selection of independent variables (Table 2) compared with input or management variables (Table 3) . Agronomically oriented studies such as those of Wiese (1982) and Martin et al. (1988) include only variables required to measure the proximate influences on yield. Hence, herbicide phytotoxicity is included rather than the type and timing and method of application of herbicide, which are likely to cause the phytotoxicity. Although a few studies such as that of Bernsten (1977) have successfully combined agronomic, input, and management variables in analysing yields, considerable caution is needed in using agronomic variables measuring crop growth and condition in the same equation as management variability, because of simultaneity problems (for example, where variables describing crop growth are a function of management practices). For this reason, the French school defines management practices very precisely in terms not only of the time, method, and amount of an input or operation, but also the environmental conditions under which it is applied. Hence it is important to have a well-specified model of yield determination based on agronomic principles and a two stage procedure is often preferred. First, yield and/or specific yield components are expressed as a function of agronomic variables (proximate causes of yield) and those agronomic variables best correlated to yield and its components are then expressed as a function of management practices and other exogenous variables.
Where a series of observations is made over the crop cycle (for example, weed infestation or soil moisture at different growth stages of the crop), there is also likely to be strong multicollinearity between independent variables. Principle components analysis (PCA) and factorial correspondence analysis (FCA) have been used to reduce this set of variables to a small number of independent indices which capture the effects of the larger correlated data set (Wiese, 1980; Stynes, 1980) .
Although most of the independent variables are significant in the yield functions in Tables 2 and 3 , the overall explanatory power as measured by R 2 is often quite low. This reflects measurement errors (for example, for yield or timing of operations), the omission of variables that are important in determining yields, and the limitations of directly relating management variables to yields. As expected, studies that emphasize the proximate causes of yield (that is, variables that directly influence yields) generally have a higher R 2 than those which emphasize management practices, because in the latter case there is considerable uncertainty in translating management practices into yield components. Thus Wiese (1982) noted that the R 2 of the yield function fell from 0.82 to 0.60 when only management variables were included in the equation.
Another useful technique applied in both the French school and in Australia (Cornish and Murray, 1989; French and Schultz, 1984) is to relate farmers' yields to potential yields based on crop responses to specific environmental or management factors derived from experimental or survey data (corrected for biases due to plot size, etc). This type of relationship often helps to identify new limiting factors. For example, farmers' average yields for a dryland area of Australia (Fig. 3) show Potential yield (kg ha~1) Fig. 3 . Average district yields of farmers compared to potential yields based on rainfall and evaporation, Wagga Wagga, Australia, 1960-84 (source: Cornish and Murray, 1989) .
that, for all but the driest years, moisture is not the limiting factor for wheat yields. Rather nitrogen deficiency, weeds, and soil diseases appeared to limit yields (French and Schultz, 1984) . A similar reliance on models based on crop responses to specific factors is used in the analysis of yield determination in terms of yield components, developed by the French school (Boiffin et al., 1981) . Because each yield component is determined within a specific period during crop growth, it is possible to consider the level of a given component as a function of the level of the yield components determined in prior periods, and the environmental conditions during the period in which the given component is determined (Fleury et al., 1982) . While care is needed to take account of compensation mechanisms between components, this approach has several advantages, including the direct biological interpretation of responses (rather than reliance on statistical significance), simplicity of use, and scope to screen and stratify data showing a high degree of variability.
In the future, the increasing availability of computerized crop models will allow the modelling of crop growth and development on the basis of empirical estimates of parameters estimated in the integrated crop production surveys. Use of crop models is a logical extension of the work of the French school, which emphasizes an understanding of the interaction between crop management and the environment in crop growth and development; however, to date we are not aware of userfriendly applications of crop models in on-farm research.
CONCLUDING COMMENTS
On-farm research methods have evolved considerably in recent years. In particular, greater integration of disciplines is seen at each stage of the research process.
In the diagnostic stage, which has often been dominated by social scientists, there are now a few good examples of the integration of both agronomic and socioeconomic perspectives in diagnostic surveys. Typically these diagnostic surveys focus on specific major problems limiting productivity of an important crop in the system (for example determinants of stand establishment or weed infestation), or they attempt to monitor comprehensively all major factors influencing crop growth and yield determination in a sample of fields.
Clearly, such integrated crop production surveys have to be crop specific (or cropping system specific) and data must be collected at the level of specific fields or even sub-plots within a field. These surveys generally will require two or more field visits during the growing cycle to take measurements on key agronomic variables. In many cases, agronomic measurements require considerable skill and are best done by the researchers themselves or their technical staff. Comprehensive field monitoring will also require the estimation of yield components. Finally, such surveys can generate a considerable amount of data which require welldesigned and sometimes more complex methods of analysis, especially if the objective of the survey is to analyse differences in yields between fields. A first step in such analysis is often some type of statistical yield function, but in time we expect to see increased emphasis on approaches that give more attention to analysing crop performance in terms of agronomic principles, including the use of crop models and expert systems.
In many ways, the type of integrated crop production survey reviewed in this paper is a significant departure from the standard diagnosis based on an informal or short, well-focused formal survey of a system or its key enterprises. Although there is a range of methods for increasing the precision and complexity with which an integrated crop production survey can be conducted, in general integrated surveys will require more resources than standard, single-visit diagnostic surveys. On the other hand, there may sometimes be considerable extra benefits from conducting an integrated survey. If the survey is properly done, researchers should have a much better understanding of crop production problems and their causes, and of the severity and extent of the key problems in the research domain. The analysis of variability across farmers' fields may also allow the identification of solutions to these problems and in some cases even approximate optimum levels of inputs. Hence the integrated survey has the potential to substitute in part for exploratory trials aimed at better identification, 'levels' trials to estimate optimum levels of inputs, and verification trials to validate solutions over a wider area. Researchers must weigh the potential benefits of conducting more in-depth diagnosis against the extra costs in time and resources. In some cases, there may be justification for delaying the beginning of trials and using the first crop season of a research programme to conduct diagnostic activities only. In other situations, the integrated survey can be conducted alongside an experimental programme, either by monitoring fields around trial sites or even by monitoring simple trials, provided that they are truly managed by farmers and planted on a sufficient number of sites.
The appropriate combination of agronomic monitoring in diagnosis and formal experimentation, and the precision with which agronomic variables are collected, will vary widely. More precise diagnosis, especially agronomic diagnosis, will increase the costs of OFR, at least initially. However, we believe that, in systems where factors limiting productivity are not readily apparent or understood, the better integration of agronomic variables into the diagnostic process can improve the efficiency of the overall research process. This is likely to be the case in areas which have already undergone considerable technological change or in areas characterized by more difficult environments. Also, as OFR programmes give more attention to the longer term sustainability of production systems, they will need to improve the integration of agronomic and socioeconomic variables in designing appropriate interventions and monitoring their impacts. Whatever the objective, the various methods reviewed in this paper should be evaluated in order to identify simple and cost-effective approaches for conducting integrated crop production surveys which can be readily adopted in developing countries by national research programmes with limited resources.
